ABSTRACT: Covalent polymer networks (CPNs) are of great technological interest due to their robustness and tunability, however they are rarely applied as semiconductors in optoelectronic devices due to poor material processibility. Herein, we report a simple, rapid, and powerful approach to prepare CPN thin-films based on an in-situ thermal azide-alkyne cycloaddition (TAAC) in the absence of catalyst or solvent. Our method is demonstrated with perylenediimide and triazine-based monomers and affords smooth and homogenous CPN films through solution processing and heat-treatment (10 min). Moreover, the site-specific TAAC realizes semiconducting CPNs without undesired impurities or byproducts, and tunable optoelectronic properties are achieved by varying the reaction temperature, which affects the intermolecular self-assembly. The obtained CPN films exhibit exceptional solvent resistance, and good n-type semiconducting behavior, which together afford application in a series of multilayer solution-processed organic photovoltaics where the presence of CPN films significantly improves the solar energy conversion efficiency to over 8% (7% in control devices) when the CPN is used in a planar-mixed heterojunction device architecture.
Introduction
Solution-processable semiconducting organic polymers have revolutionized the field of organic electronics by enabling the scalable roll-to-roll fabrication of solar cells, light emitting diodes, and transistors. [1] [2] [3] [4] [5] However, improving the robustness of these materials is required for viable commercial application. A relatively new class of materials, organic covalent polymer networks (CPNs), possess attractive advantages over traditional linear polymers such as superior chemical stability, solvent resistance, and mechanical robustness due to their interconnected molecular structure. [6] [7] While a wide variety of CPNs have been demonstrated as promising materials for gas separation, storage, and other fields, [8] [9] [10] employing CPNs in organic electronic devices is still relatively unexplored. Although the excellent robustness of CPNs is potentially attractive for enhancing the stability of organic semiconductor devices, and their solvent resistance could also facilitate the fabrication of solution-processable multilayer devices, the poor processibility of CPNs has severely limited their application. Indeed, typical CPN preparation routes lead to insoluble and intractable powders. While spin-coating powder dispersions [11] has been described, such an approach does not offer high quality, continuous large-area thin films. Chemical bath deposition [12] [13] and (gas/liquid) interfacial film growth [14] have also been recently reported, leading to initial device demonstrations with CPNs. However, these synthesis routes are slow-on the order of tens of hours-which seriously diminishes the potential for scalability. While electro-polymerization has also been considered as an alternative method for CPN thin film fabrication, [15] [16] [17] [18] [19] this method is limited to a small subset of monomers (containing carbazole, thiophene, or triphenylamine groups with sufficient electron-donating character). In addition, a non-negligible amount of electrolyte remains in the film, which can be detrimental to optoelectronic performance. [20] [21] Therefore, in order to advance the application of CPNs in solution-processed organic electronic devices, a rapid and direct film fabrication approach that combines simplicity with high quality film formation and tunable optoelectronic performance is urgently needed.
In this context, we report herein a novel fabrication method to overcome the challenge of CPN film fabrication, which is realized by the use of a catalyst-free thermal alkyne-azide cycloaddition (TAAC) [6, [22] [23] [24] reaction. The CPN thin films are rapidly obtained through the in-situ heat treatment of a blend film containing alkyne-and azide-based monomers, and since the TAAC reaction affords site-specific bond-formation in the absence of catalyst or additional solvent, our method enables a "pure" and well-defined CPN thin film. Compared to the known strategy of cross-linking linear polymers [25] [26] [27] [28] [29] , the approach demonstrated herein offers the advantages of synthetic simplicity and less batch-to-batch variation as only smallmolecule precursors are used. In addition, the polymer cross-linking approach frequently requires the addition of initiator and exhibits a non-specific reaction mechanism, which has a negative impact on the optoelectronic performance. [30] [31] [32] Our results indicate that the TAAC reaction described herein possess a high specificity, which clearly provides a major advantage.
Our method enables the fabrication of smooth and homogeneous CPN films with thermally stable homogenous morphology, favorable solvent resistance, and tunable optoelectronic properties directly on a wide variety of substrates. We further demonstrate the application of these robust CPN films in solution-processed multilayer organic solar cells where introducing CPN films is shown to be a versatile method to improve the solar energy conversion efficiency. 
Results and Discussion

Catalyst-and Solvent-free synthesis of CPNs
To demonstrate the TAAC-based CPN formation, two monomers, PDI-DA and Triazine-TA (Figure 1a) , were rationally designed and prepared. Perylenediimide (PDI) was chosen as it is an extensively investigated building block for organic n-type materials. [33] We included azidoethyl groups at the imide position of PDI for the TAAC reaction and 4-(octyloxy)phenoxy groups at the bay positions to increase solubility. For Triazine-TA, electron-withdrawing alkynes were selected to accelerate the TAAC reaction rate. [6, 23, [34] [35] Full synthetic procedures of PDI-DA and Triazine-TA are described in supporting information (Scheme S1). Before running the TAAC reaction (shown schematically in Figure   1b ), the thermal stability of the two monomers was evaluated using thermogravimetric analysis ( Figure S1 ), and 1 H NMR ( Figure S2 ), which indicated monomer stability to 200 °C.
To test the TAAC solid state reaction, we prepared a solid-state mixture of PDI-DA and Triazine-TA. The two monomers were first dissolved in chloroform at a 1:1 molar ratio of azide to alkyne, and a solid-state mixture was prepared by evaporating the chloroform. The mixture was heated at a reaction temperature, Trxn, of 180 °C for 1 hour under argon and insoluble CPN powder was formed implying the TAAC reaction occurs at temperatures below decomposition. The reaction yield was estimated from the mass of resulitng insoluble powder compared to the mass of the monomers before the TAAC reaction. A low mass yield (47%)
found under these conditions is attributed to a µm-scale phase segregation between monomers in the evaporated mixture as shown by optical microscopy ( Figure S3 ). For the insoluble CPN powder, the intensity of the PDI-DA azide group IR stretch at 2103 cm -1 and the triple bond stretch at 2119 cm -1 of Triazine-TA are significantly suppressed (Figure 2a) . In the solid-state Notably, the Triazine-TA methylene signal (marked a) shifts from 55.4 ppm to 61.1 ppm in the CPN powder, ascribed to the formation of triazole (in good agreement with a previous report [23] ). In addition, the formed triazole also induces the 13 
Morphology of the CPN thin films
To afford CPN thin films, blend solutions of PDI-DA and Triazine-TA were spin-coated onto glass or ITO substrates. We found the solvent to be critical for film formation. While processing from chlorobenzene (CB) led to μm-scale phase segregation ( Figure S6 ), chloroform (CF) gave smooth and homogeneous films with no detectable phase separation, even after treating at Trxn = 180 °C ( Figure S7 ). Varying the concentration of the CF solution afforded a tunable film thickness between 10-100 nm without changing the film homogeneity.
UV-vis spectra of thin-films after heating for different times (Figure 3a) give insight into the progress of the CPN film formation. The as-cast blend film displays a broad absorption with peaks at 670 nm and 494 nm attributed to π-π stacking of PDI-DA (the peak at 305 nm is due to Triazine-TA, see Figure S8 ). Heating at 180 °C causes the peak at 670 nm to decrease while a new absorption band appears at 570 nm. This new band has nearly the same position as PDI-DA in dilute solution (Figure 3a bottom), thus we assign it to non-π-π-stacked PDI in the solid state films. The growth of the 570 nm band with heat treatment suggests that the π-π stacking is progressively disrupted as the TAAC reaction occurs, as expected from the covalent bonding between PDI and triazine. It is worth noting that the formation of CPN films is very fast: an obvious change of absorption is observed after heating for only 10 s, and no change is seen after 10 min. showed a similar effect on the UV-vis spectra compared to varying heating time at 180 °C and the extent of the TAAC reaction could be further probed by assessing the solvent resistance of the resulting CPN film (by washing with CB). For films treated at 180° for 10 min there was no change in the UV-vis spectra after washing (Figure 3b inset) . The ratio of the UV-vis absorption after/before CB washing as a function of Trxn is shown in Figure 3b (see also Figure S9 ) and suggests that 10 min heating at 120 °C is sufficient to prepare a robust insoluble CPN film. Notably, the TAAC reaction between PDI-DA and Triazine-TA is much faster than that of polystyrene functionalized with azide and alkyne [23] , where insoluble products only obtained after more than 30 min heating at 120 o C. The faster reaction is probably due to the better mobility and vibration of reactive groups in small molecule monomers. For Trxn < 100 °C the absorption ratio decreased due to the removal of soluble oligomers and unreacted monomer. Interestingly, we note that while films treated at Trxn of 120-180 °C all exhibit robust insoluble CPN film formation, their significantly different UV-vis spectra imply a tunable π-π stacking and self-assembly that reasonably should influence the charge carrier transport in the CPN film (vide infra). In addition to solvent resistance in CB, we note that the CPN films possess solvent resistance for many other common organic solvents ( Figure S10 ).
Morphological characterization of the thin films prepared by spin-coating from CF solutions showed homogeneity from the nm to mm length scales. Atomic force microscopy (AFM, Figure 4a) shows that an as-cast blend film is smooth (RMS roughness of 4.2 nm) with granular domains less than 100 nm in lateral dimension. After heating for 10 min, the domain boundaries are softened, and the RMS roughness decreases to 3.6 nm (120 °C), 3.3 nm (150 °C) and 2.7 nm (180 °C) (see Figure S11 ). This smoothing of the topography is further demonstrate that the free-standing CPN film is homogeneous over µm to mm length scales.
Electron mobility of the CPN films
As the optoelectronic performance of the CPN is of particular interest, thin films were next investigated as active layers in organic field effect transistors (OFETs). Bottom-gate bottomcontact devices were fabricated as described in the experimental section and the extracted saturation-regime electron mobility, µsat, as a function of Trxn and heating time is shown in Figure 5a (for transfer curves see Figure S15 ). The as-cast film exhibited µsat = 1.1×10 -5 cm 2 V -1 s -1 . This relatively low electron mobility is likely due to the bulky substituents on the PDI bay-region, which affect the planarity of PDI [36] and negatively impact the intermolecular charge transport. This issue could be resolved by further optimization of molecular structure. [33] After heating the blend film for 10 min, µsat slightly increased when Trxn = 90 °C, and decreased for films treated at higher Trxn (when CPN formation occurs) consistent with the decrease in film crystallinity and loss of aggregation observed in the UV-vis results. This observation further validates the ability to tune the optoelectronic performance of the CPN film. Importantly, heating at 120 °C or 150 °C reduced µsat by less than factor of 10 while still forming a robust CPN. In fact, µsat remained essentially constant over a 2-hour heating period 
The application of the CPN films in solar cells
The tunability and robustness of the CPN electronic properties even under solvent soaking suggests their effectiveness in applications that require solvent-tolerance, such as solutionprocessed multilayer device fabrication. To demonstrate this, planar heterojunction (PHJ) organic photovoltaic devices (OPVs) were studied using CPN films as the acceptor layer, and common linear polymers P3HT or PTB7 as the donor (See molecular structures Figure 6a ).
Firstly, we established the HOMO/LUMO levels the CPN film at -5.9 eV and -3. spectra of the optimized PHJ devices are displayed in Figure S18 and photons absorbed by the CPN layer actively contribute to photocurrent for both CPN/PTB7 and CPN/P3HT devices.
Notably, the CPN/P3HT PHJ device achieved a comparable performance with reported bulk heterojunction (BHJ) devices based on mono PDI acceptors and P3HT (See Table S3) although it is well known that the performance of PHJs are inferior to that BHJs due to a limited donor-acceptor interfacial area. [37] [38] Nevertheless the PHJ device results confirm the promising potential of CPN films in the construction of solution-processed multi-layer optoelectronic devices. Figure S19 ), likely due to the lower electron mobility of the CPN film prepared at these condition.
Conclusion
In summary, we developed for the first time, a simple and rapid solution-processable fabrication approach for tunable CPN semiconductor thin films using an in-situ catalyst-free and solvent-free TAAC reaction. Importantly, our approach enables the rapid formation of PTB7:PC71BM or P3HT:PC61BM BHJs gave significant improvement of 14% and 25% in PCE, respectively. Overall, our work provides a synthetic methodology based on the sitespecific TAAC reacion for robust CPN semiconductor films, which exhibit a promising potential in optoelectronic devices that requires solvent tolerant materials. Given the versatile of our approach, we believe that diverse CPNs films tailored to a variety of applications in organic optoelectronics can be accessed through rational monomer design. KBr pellets contained the samples were performed for the measurement. The absorption spectra of the thin films and solutions were tested by Shimazu UV 3600 spectrometer. The AFM images were recorded on Cypher S AFM from Asylum Research. The polymer network films were spin coated on silica wafer substrates. The spin-coating speed is 1000 rpm min -1 .
Experimental Section
Chloroform was utilized to dissolve PDI-DA and Triazine-TA with the concentration of 3 mg mL -1 and 0.97 mg L -1 (the molar ratio between azide and alkyne is 1:1), respectively.
Transistor device and characterization:
Bottom gate bottom contact transistor substrates were purchased from Fraunhofer Institute for Photonic Microsystems. The n-doped silicon wafer is used as bottom gate electrode, and a 230 nm SiO2 is applied for dielectric layer. Au is used for source and drain electrodes, which is the most commonly used metal for source and drain C by an ice bath. Trifluoromethanesulfonic acid (1.9 mL, 21.0 mmol) was added dropwise into the stirred solution. After 2 hours, the ice bath was removed and the mixture was continued to stir for 22 hours at room temperature. 20 mL of water with a small amount of ammonium hydroxide was added into the flask. The organic layer was washed by water for three times, and dried over MgSO4. The crude product was purified by recrystallization from chloroform. White powder was obtained with a yield of 90%. 2,4,6-tris(4-(prop-2-yn-1-yloxy)phenyl)-1,3,5-triazine (Triazine-TA) M1 (1.5 g, 4.2 mmol), propargyl bromide (9.2 mol L -1 in toluene, 2.06 mL, 19.0 mmol), potassium carbonate (8.7 g, 62.3 mmol) and 60 mL of acetone were placed in a 250 mL round bottom flask. The mixture was heated to reflux for 1 day while stirring. After that, the reaction mixture was cooled down to room temperature and washed by water/dichloromethane. The organic layer was collected, dried over MgSO4, and concentrated by rotavapor. The crude product was purified through silica gel chromatography using hexane/dichloromethane (1:1) as eluent. The desired compound was obtained as white powder in the yield of 51%. 1 2-azidoethanamine (M2) Sodium azide (1.36 g, 22.2 mmol) was dissolved in 6 mL of water. 2-Bromoethylamine hydrobromide (1.43 g, 7 mmol) was added in the solution. The reaction mixture was heated to 75 o C for 24 hours. After that, the solution was cooled down to 0 o C by an ice bath and potassium hydroxide (about 700 mg) added. The product was extracted by diethyl ether (20 mL) for four times. Since 2-Azidoethanamine is highly volatile and possible to cause explosion, diethyl ether was evaporated in fume hood at room temperature. Colorless oil was obtained with a yield of 85%, and used for further reaction without storage. The mixture of M4 (1.37 g, 2.5 mmol), M3 (2.22 g, 10 mmol), Cs2CO3 (1.63 g, 5 mmol) were suspended in 30 mL of DMF. The solution was heated at refluxing temperature for 4 hours under argon atmosphere. After cooling to room temperature, 100 mL of 10% (v/v) diluted hydrochloric acid was poured into the reaction solution. The precipitation was collected by filtration, and washed by water and methanol. Since the crude (1,7-di(4-(octyloxy)phenoxy)perylene-3,4:9,10-tetracarboxylic acid bisanhydride, M5) shows a poor solubility in common solvents, it is directly used for next reaction without purification and characterization. The yield of the crude product is 90%. M5 (970 mg, 1.16 mmol), M2 (500 mg, 5.81 mmol) and 40 mL of toluene were stirred at reflux temperature under argon atmosphere for 24 hours. After the reaction is completed, the toluene was evaporated by rotavapor. The crude product was purified by silica chromatography (dichloromethane:hexane=1:1), yielding 338 mg (30%) of PDI-DA as black powder. Figure S1 . TGA curve of PDI-DA and Triazine-TA Figure S2 .
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